PREVIOUS RESEARCH INDICATES that a loud auditory stimulus (LAS) in synchrony with a visual imperative stimulus (IS) in a reaction time (RT) task can significantly reduce RT while leaving a discrete motor response relatively unaffected (VallsSolé et al. 1999 ): a startle react effect. This indicates that the LAS can trigger the prepared response early without greatly affecting its morphology (Carlsen et al. 2004b; Valls-Solé et al. 1999) .
Recently, a number of studies sought to investigate the time course of response preparation using LAS probes (Carlsen et al. 2008; Carlsen and MacKinnon 2010; Tresilian and Plooy 2006) . Given that optimal levels of response-related activation-defined here as the level of readiness in the neural circuits involved with the prepare response-cannot be maintained for long periods (Alegria 1975; Bertelson 1967; Los and Van den Heuvel 2001; Muller-Gethmann et al. 2003; Nickerson 1973) , one would expect a buildup of response-related activation as movement onset approached. used a RT task with a fixed (1 s) warning foreperiod (WF) to investigate whether preparation levels would increase progressively as the time to move approached. They found evidence of a uniform increase of response amplitude to LAS from 0 to 100 ms after the IS but did not probe response to LAS before the IS.
Using a longer WF (3 s), Carlsen and MacKinnon (2010) reported that motor responses were consistently triggered by LAS as early as 500 ms prior to the IS (see also Valls-Solé 2004) . In this study, however, response magnitude was not assessed, and it is therefore unknown whether there was a gradual increase of preparatory activity. If temporal uncertainty about the IS is increased, responses can be initiated by a LAS seconds before the IS (Cressman et al. 2006 ). However, whether activity builds up gradually in anticipation of the expected time of movement was not determined, although recent studies using LAS to trigger lower limb stepping initiation suggest this could be the case (MacKinnon et al. 2007; Rogers et al. 2011) .
It is well established that RT is substantially shorter when temporal uncertainty about when to move is lower (Bertelson and Boons 1960; Klemmer 1956 ). Thus it is logical that temporal predictability, or temporal preparation, interacts with the time course of preparation for an action (Requin et al. 1991) . The idea that event preparation affects readiness levels for an upcoming action fits well with the notion of activation models put forward recently by researchers using LAS in simple RT and anticipatory timing tasks (Alibiglou and MacKinnon 2012; Maslovat et al. 2011; Tresilian and Plooy 2006) . In general, these models propose that a motor response is triggered when the level of activation of the movement reaches a certain threshold (Carpenter and Williams 1995; Hanes and Schall 1996) . This level of activation is believed to increase gradually over time and is likely to peak just before the IS under temporally predictable conditions. According to these models, motor responses are triggered earlier by a LAS because it increases the rate of rise to movement threshold (Alibiglou and MacKinnon 2012; Maslovat et al. 2011 ) and pushes the level of activation above the threshold for response initiation. In Tresilian and Plooy's activation model (2006) , it is proposed that the activity evoked by LAS probes adds to that already built up during preparation. If the combined activity surpasses movement threshold, the response is triggered early and its magnitude depends on the amount to which the threshold is exceeded (Jaskowski et al. 1995; Ulrich et al. 1998) . This would predict a monotonic increase in response magnitude as LAS probes are delivered closer to movement onset.
In this report, we further examine the prediction of a connection between activation levels and response forcefulness, using a simple RT task. More precisely, we sought to determine whether there was any evidence of a progressive increase of response-related activation in a simple RT task using a LAS protocol. In two experiments, we analyzed the levels of re-sponse preparation before (experiment 1) and after (experiment 2) the IS, which was preceded by a highly predictable foreperiod, in response to a rare LAS stimulus.
MATERIALS AND METHODS

Participants
Eight volunteers (6 men, 2 women) participated in the experiments and gave written informed consent prior to commencement of the study, which was approved by the local Ethics Committee of the University of Queensland. All participants reported normal or corrected to normal vision and stated that they were right handed. Their ages ranged from 26 to 35 yr (mean ϭ 32.0 yr).
Apparatus and Task
The experimental task was to isometrically flex the right wrist against a torque transducer in response to the appearance of an IS. The IS was the illumination of a bright green light-emitting diode (LED) that was embedded in a Perspex block (10-cm height by 3-cm depth) positioned in front of the participant. The IS was always preceded by a warning stimulus (WS), the illumination of a bright red LED also embedded in a Perspex block and positioned 2 cm away from the other block. The interval between WS and IS onset was kept constant at 1 s in order to allow more accurate temporal preparation than in previous studies (see Carlsen and Mackinnon 2010; Cressman et al. 2006) . On 10% of the trials, the IS was not presented (catch trials) and the participants were required to refrain from responding. This condition was introduced to induce the participants to respond to the IS only. On another 10% of the trials, an acoustic stimulus was delivered via headphones at various lead intervals before and after the IS onset (Ϫ700, Ϫ65, Ϫ40, Ϫ15, 0, 15, 35, 65, and 105 ms).
The participants were seated ϳ0.8 m away from a 17-in. CRT monitor (positioned behind the LEDs) that served to provide performance feedback on control and catch trials. On control trials the feedback consisted of a display of the RT. If the RT was shorter than 110 ms, the response was considered an anticipation and a message was displayed asking the participant to wait for the appearance of the IS (experiment 1: 1.5% of trials; experiment 2: 3%). On catch trials the message simply informed whether or not the participants succeeded in halting the response. No message was displayed when acoustic stimuli were delivered.
Surface EMG data were collected with bipolar preamplified electrodes with an analog band-pass filter (30 -500 Hz) built into the preamplifiers. The two electrodes were circular (diameter 4 mm) and mounted 9 mm apart in an insulating block (23 ϫ 15 ϫ 3 mm) that housed the preamplifier. The preamplifier gain was adjustable from 24 to 2,200. Surface EMG activity was recorded from the bellies of the right flexor carpi radialis (FCR) and the left orbicularis oculi (OOc). A grounding electrode was placed on the right radial styloid process. EMG and torque data were sampled at 4,000 Hz via a National Instruments data acquisition device (USB-6221).
Auditory Stimuli
Auditory probes were bursts of broadband white noise with a duration of 50 ms and rise and fall times of Ͻ3 ms. Stimuli were generated on a digital computer and presented binaurally via highfidelity stereophonic headphones (Sennheiser model HD280Pro, frequency response 8 Hz-25 kHz; Sennheiser Electronics, Wedemark, Germany). The input signal to the headphones had a bandwidth of ϳ10 Hz-30 kHz. Auditory stimuli had a peak loudness of 114 dB. Sound intensity was measured with a Bruel and Kjaer sound level meter (type 2205, A weighted; Brüel and Kjaer Sound & Vibration Measurement, Naerum, Denmark) placed 2 cm from the headphone speaker.
Design and Procedures
Experiment 1. Prior to the testing session all participants were given 40 practice trials in which they experienced control trials (36 trials) as well as catch trials (4 trials) in a pseudorandom fashion. No auditory probe stimuli occurred during practice. Participants were instructed to respond only to the IS while avoiding false starts on catch trials. Feedback about RT on control trials was provided during practice and testing sessions. Participants were required to produce a comfortable, brief, and stable exertion of force throughout the experiment. No feedback was provided about the amount of torque produced unless it was too small to be detected (excluding catch trials).
Each participant was presented with a total of 400 trials in the testing session. On 40 of these the probe stimulus was presented pseudorandomly, with the restriction that two probe trials could not be presented consecutively. In this experiment, the auditory stimuli could occur at five different lead intervals in relation to the appearance of the IS: Ϫ65, Ϫ40, Ϫ15, 0, and 15 ms. Catch trials, where the IS was not presented, totaled 40 trials. The remaining 320 trials (with IS but no acoustic stimulus) served as control trials.
Experiment 2. Design and procedure were identical to those of experiment 1 with the exception of the following details. The LAS was presented at probe positions of Ϫ700, 15, 35, 65, and 105 ms in relation to the IS. The earliest presentation of the probe, at 700 ms prior to the IS, served as a control trial with an auditory probe stimulus, which we refer to as LAS-control.
Data Reduction and Analysis
All data reduction was performed with custom LabVIEW software (version 8.2, National Instruments). The torque data were filtered using a low-pass-band second-order Butterworth filter with a cutoff frequency of 20 Hz. Movement onsets were estimated from the tangential speed time series (derived by numerical differentiation from the filtered torque data) with the algorithm recommended by Teasdale et al. (1993) .
The EMG data recorded from OOc and FCR were full-wave rectified and digitally enveloped by dual pass through a low-pass second-order Butterworth filter. For OOc, the filter had a 61-Hz cutoff, making a dual pass equivalent to a fourth-order, zero-phase lag filter with a 50-Hz cutoff. For FCR the filter had a 51-Hz cutoff (equivalent to 4th-order, zero-phase lag filter with 40-Hz cutoff). Measures of EMG onset time, offset time, and maximum EMG amplitude were obtained for each trial from the enveloped EMG data. EMG onsets and offsets were estimated with the same algorithm employed for estimating onset from the torque data.
The variables of interest were premotor RT, defined as the time between IS onset and EMG onset on the FCR muscle; peak torque, defined as the maximum torque reached between movement onset and movement offset; torque duration, defined as the time between movement onset and movement offset; peak EMG, defined as the peak amplitude of EMG from the FCR muscle (during contraction) expressed as a proportion of those obtained on control trials; EMG duration, defined as the time between EMG onset and EMG offset on the FCR muscle; blink latency, defined as the time between LAS onset and EMG onset on the OOc muscle; blink amplitude, defined as the peak amplitude of EMG from the OOc muscle; and blink proportion, defined as the ratio between trials on which a blink was detected after LAS and the numbers of LAS trials at any given lead interval.
To verify whether there was any indication of superimposition/ summation of the startle reflex response and the prepared voluntary action, we analyzed the time taken to reach the maximal rate of rise of torque. We hypothesized that if a reflex startle response caused activation of the primary agonist muscle superimposed onto the voluntary response (responsible for peak torque), we should detect an increase in time to peak torque in relation to control trials.
The effects of experimental conditions on the dependent variables were initially analyzed through one-way analyses of variance (ANOVAs) with repeated measures. The differences between control (no-LAS trials) and LAS trials were further assessed through post hoc t-tests using the Bonferroni correction, P Ͻ 0.05. One-way repeated-measures ANOVAs were also run without control trials to examine the effect of lead time, using polynomial contrasts (adjusted for unequal intervals between the time points) to check for significant trends. In experiment 2, we had two control conditions: 1) non-LAS control trials (Ctl in Fig. 4) and 2) LAS control trials (Lc in Fig. 4) , where the LAS was delivered at 700 ms prior to the IS. One-way repeatedmeasures ANOVAs were run for each type of control trials. In one, we included probe trials and non-LAS control trials (LAS control trials were excluded). In another, we included probe trials and LAS control trials (non-LAS control trials were excluded). The differences between control and probe trials were further assessed through post hoc t-tests using the Bonferroni correction, P Ͻ 0.05. As in experiment 1, in experiment 2 we also performed repeated-measures ANOVAs without control trials, using polynomial contrasts to verify any trends in the data set.
RESULTS
Experiment 1
Premotor reaction time. Figure 1A shows the mean premotor RT for probe and control trials in experiment 1. The one-way repeated-measures ANOVA indicated an effect of lead time [F(5,35) ϭ 14.04, P Ͻ 0.0001, p 2 ϭ 0.66]. Post hoc test showed that premotor RT on all probed trials was shorter than premotor RT on control trials. A repeated-measures ANOVA excluding the control trials revealed a significant linear trend [F(1,7) ϭ 8.72, P ϭ 0.021, p 2 ϭ 0.55], indicating that RT increased progressively as the time interval between LAS and IS onset shortened. It is unlikely that the effects on RT reported here were affected by the participants' strategy to ignore the instruction to wait for the IS, as false starts occurred in only 3% of the catch trials.
Assuming that participants were reacting to the LAS probes rather than the IS, it can be revealing to analyze the premotor RTs based on LAS presentation time (LAS-referenced premotor RT). Results of this additional analysis of premotor RT are shown in Fig. 1A . The repeated-measures ANOVA on this variable showed a significant effect of lead time [F(5,35) ϭ 13.53, P Ͻ 0.0001, p 2 ϭ 0.66]. Post hoc comparisons revealed that the LAS-referenced premotor RT on probe trials at Ϫ15, 0, and 15 ms was significantly shorter than on control trials. Polynomial contrasts excluding control trials found a linear [F(1,7) ϭ 22.76, P ϭ 0.002, p 2 ϭ 0.76] and a cubic [F(1,7) ϭ 6.37, P ϭ 0.039, p 2 ϭ 0.47] trend. Note that this analysis indicates that premotor RT decreases as the time of movement onset approaches. This is consistent with the activation models mentioned in the introduction.
Given that previous studies using louder auditory stimulus showed that responses can be released much earlier than observed in our experiment 1 (Carlsen and MacKinnon 2010; Cressman et al. 2006) , it may be of interest to analyze the pattern of results obtained when we include exclusively trials where OOc activity occurred shortly after the LAS (e.g., a blink reflex associated with the LAS). This additional analysis yielded a very similar pattern of results. More specifically, the repeated-measures ANOVA on this variable indicated a significant effect of lead time [F(5,35) ϭ 7.98, P Ͻ 0.0001, p 2 ϭ 0.53]. The post hoc comparisons revealed the same differences observed when trials without OOc muscle activity were included. That is, the LAS-referenced premotor RT on probe trials at Ϫ15, 0, and 15 ms was significantly shorter than on control trials. As before, the linear trend-polynomial contrasts excluding control trials-was statistically significant [F(1,7) ϭ 11.70, P ϭ 0.011, p 2 ϭ 0.62]. A direct comparison between the means with all trials included and means where OOc activity was apparent showed no main effect of type of mean (with or without a reflex blink) [F(1,7) ϭ 0.447, P ϭ 0.525, p 2 ϭ 0.06]. The main effect of lead time was again significant [F(4,28) ϭ 11.40, P Ͻ 0.0001, p 2 ϭ 0.62]. The interaction between type of mean and lead time was not significant [F(4,28) ϭ 0.14, P ϭ 0.965, p 2 ϭ 0.02]. This additional analysis indicates that the presence or absence of a blink reflex did not result in a qualitatively different type of response by our participants, e.g., earlier responses when a reflex blink was observed (see also Delval et al. 2012) .
Torque measures. Figure 1C shows the mean peak torque for probed and control trials in experiment 1. The one-way ANOVA yielded a main effect of lead time [F(5,35) ϭ 10.29, P Ͻ 0.0001, p 2 ϭ 0.59]. The post hoc comparisons between control and probe trials showed larger peak torque on probed trials for all lead intervals. Polynomial contrasts excluding the control trials showed a significant linear trend for this effect [F(1,7) ϭ 8.63, P ϭ 0.022, p 2 ϭ 0.55], suggesting that the overall motor output increased progressively as the IS approached.
One-way ANOVA of torque duration indicated a main effect of lead interval [F(5,35) ϭ 3.08, P ϭ 0.021, p 2 ϭ 0.31]. The post hoc contrasts showed that torque duration on probe trials at Ϫ15, 0, and 15 ms prior to the IS was significantly shorter than on control trials (see Fig. 1B ). Further analysis excluding control trials yielded no significant result [F(4,28) ϭ 2.22, P ϭ 0.092, p 2 ϭ 0.24]. Figure 1E shows the mean time taken to reach the maximal rate of rise of torque. The one-way repeated-measures ANOVA indicated main effect of lead time [F(5,35) ϭ 2.55, P Ͻ 0.045, p 2 ϭ 0.26]. Post hoc comparisons showed no significant differences between probe and control trials. This pattern of results suggests that the increase in response magnitude was not due to superimposition of the startle response onto the programmed voluntary action.
Flexor carpi radialis measures. Figure 1D shows the mean peak EMG of the FCR muscle for probed and control trials in experiment 1. One-way ANOVA revealed a main effect of lead time on peak EMG [F(5,35) ϭ 5.12, P ϭ 0.0012, p 2 ϭ 0.42]. Post hoc comparisons showed that peak EMGs on probe trials at Ϫ40,Ϫ15, 0, and 15 ms were significantly larger than on control trials. The analysis of polynomial contrasts indicated a significant linear trend [F(1,7) ϭ 6.75, P ϭ 0.036, p 2 ϭ 0.49]. In contrast to torque duration, the ANOVA found no significant effect of lead time on EMG duration [F(5,35) ϭ 0.96, P ϭ 0.451, p 2 ϭ 0.12]. Orbicularis oculi measures. Figure 2 shows the mean OOc latency, amplitude, and proportion of blinks for probed trials in experiment 1. Analysis of the OOc muscle did not reveal an effect of lead time on either blink latency [see Fig. 2A; F(4,28) Figure 3 shows an example of the response pattern seen-control and earliest and latest LAS trials-for an individual participant in experiment 1 as the time to IS approached. These results, therefore, depart from previous research where no evidence for a progressive buildup of response preparation was observed in the last hundred milliseconds preceding an IS (Carlsen and MacKinnon 2010; Valls-Solé 2004) . The use of a relatively lowerintensity auditory stimulus (114 dB) could be the cause of the different pattern of results obtained here. Thus it seems important to replicate previous results with our lowerintensity auditory stimulus.
In experiment 2, we presented startling acoustic stimuli within a range of intervals similar to those used by and maintained the same percentage of LAS trials employed in our experiment 1 to determine whether this progressive buildup of activation was maintained after IS presentation.
Experiment 2
Premotor reaction time. Figure 4A summarizes Although the effect seemed to be reduced in experiment 2, there was again evidence that RT increased as the time of the LAS presentation lagged in relation to the IS. Again it seems unlikely that the effects on RT we detected in experiment 2 were influenced by the participants' choice to ignore the instruction to wait for the IS, since false starts occurred in only 4% of the total number of catch trials (trials in which the IS was not presented). Peak torque. Figure 4C summarizes the mean peak torque for probe and control trials in experiment 2. Repeated-measures ANOVA indicated a significant effect of time of LAS presentation on peak torque [F(4,28) ϭ 15.24, P Ͻ 0.0001, p 2 ϭ 0.68]. Post hoc contrasts between control and probe trials showed that all probe conditions reached greater values than control. The analysis of peak torque comparing LAS control and probe trials also revealed an effect of time of LAS presentation [F(4,28) ϭ 3.99, P Ͻ 0.05, p 2 ϭ 0.36]. Post hoc comparisons showed that peak torque was greater for probe trials at 15, 35, and 65 ms after IS than at LAS control (Ϫ700 ms). The analysis of polynomial contrasts (without the LAS control) showed a significant linear trend [F(1,7) ϭ 13.59, P Ͻ 0.01, p 2 ϭ 0.66]. In contrast to experiment 1, however, this linear trend indicates a gradual decline in overall motor output as the time of LAS delivery lagged the time of IS presentation.
The analysis of torque duration showed a significant effect of lead time [F(4,28) ϭ 5.08, P Ͻ 0.01, p 2 ϭ 0.42]. The post hoc contrasts showed that torque duration on all probe trials (15-105 ms after IS) was significantly shorter than on control trials (see Fig. 4B ). The repeated-measures ANOVA run to compare LAS control and probe trials showed no evidence of an effect of LAS presentation [F(4,28) ϭ 1.69, P Ͼ 0.05, p 2 ϭ 0.19]. Additional analysis without control (LAS or non-LAS) trials showed no evidence of an effect of time of LAS presentation [F(3,21) ϭ 0.23, P ϭ 0.873, p 2 ϭ 0.03]. As in experiment 1, we found evidence for a reduction in torque duration on probe trials but no effect of time of LAS presentation. Figure 4E shows the mean time taken to reach the maximal rate of rise of torque. One-way repeated-measures ANOVA, including both control conditions, indicated an effect of lead time on this variable [F(5,35) ϭ 5.57, P ϭ 0.001, p 2 ϭ 0.44]. Post hoc comparisons showed shorter time to maximal rate of rise of torque at all probe conditions-except for the LAS control at Ϫ700 ms-than at control trials. Again, this pattern of results does not suggest summation or superimposition of a reflex response onto the programmed movement.
Flexor carpi radialis measures. Figure 4D shows the mean peak EMG for probe and control trials in experiment 2. The ANOVA without LAS control trials detected an effect of lead time on peak EMG [F(4,28) ϭ 10.69, P Ͻ 0.0001, p 2 ϭ 0.60]. Post hoc comparisons showed that peak EMG on all probed trials was significantly greater than on non-LAS control trials. The repeated-measures ANOVA run to compare LAS control and probe trials showed an effect of LAS presentation [F(4,28) , who found evidence of increased response-related activation in probe trials compared with control trials but no evidence for a gradual buildup of excitability as the moment of movement initiation approached. Figure 6 shows an example of response patterns obtained-control, LAS control, and latest LAS trials-for an individual participant in experiment 2, where we can see enhanced response magnitudes for trials where a LAS was present.
Orbicularis oculi measures. Figure 5 shows the mean OOc latency, amplitude, and proportion of blinks for probed trials in experiment 2. Repeated-measures ANOVA including LAS control and probe trials showed an effect of lead time on OOc latency (see Fig. 5A ) [F(4,28) 
DISCUSSION
Previous studies using a LAS to probe motor preparation suggest that response-related activation reaches a high level well in advance of an IS (Ϸ 500 ms) in simple RT tasks (Carlsen and MacKinnon 2010) and remains at this level for at least 100 ms after the IS . This is in contrast to the excitability of corticospinal pathways, which seems to increase progressively from ϳ120 ms prior to movement onset in RT tasks (Chen et al. 1998; Leocani et al. 2000; MacKinnon and Rothwell 2000; Starr et al. 1988 ) and anticipatory timing tasks (Coxon et al. 2006; Marinovic et al. 2011 ).
In the experiments reported here we sought to test whether there was any evidence for a gradual increase of responserelated excitability in RT tasks as time of movement initiation approached, using LAS. To this end we used a LAS in only 10% of the trials to probe whether activation levels for a motor response change as a function of time during preparation for a discrete wrist-flexion movement.
The observations that RT decreased systematically the earlier the LAS was presented in both experiments and that virtually all probe trials yielded shorter RTs than control trials are consistent with the proposal that the LAS induces an early release of a motor program stored in the brain (Carlsen et al. 2004a; Valls-Solé et al. 1999) . As discussed below, with reference to Figs. 7-9, the results are not consistent with responses being triggered by the IS rather than the LAS. The reduction in RT (see LAS-referenced premotor RT in Fig. 1A ) is unlikely to be caused by probe-evoked EMG responses (e.g., EMG burst triggered by the LAS) followed by voluntary bursts of EMG of the FCR muscle, as we found no evidence for longer EMG burst durations in probe trials. Similarly, an analysis of time to maximal rate of rise of torque showed no indication that these early portions of the prepared response were longer for probe than for control trials. Also of interest was the fact that the LAS delivered 700 ms prior to the IS in experiment 2 (LAS-control) never resulted in a response being released early in relation to non-LAS control trials. In fact, RT for LAS control trials at Ϫ700 ms to IS (experiment 2) was the largest in the two experiments reported here (see Fig. 4A ). Carlsen and MacKinnon (2010) showed that Ͼ50% of responses were elicited early when a LAS was delivered at 1,500 ms prior to the IS when using a fixed foreperiod of 3 s in a RT task (see also Cressman et al. 2006 ). This may indicate that in our task the participants could more accurately estimate the expected time of the IS presentation and refrain from preparing the motor program too early in advance. Alternatively, it is possible that the intensity of the LAS used in our experiments (114 dB) was unable to elicit the prepared response at such an early moment during preparation.
In addition to premotor RT, analyses of torque and EMG data should also indicate whether there was a progressive buildup of response-related activation, as these variables depend upon the amount of activation that is transferred to the response in preparation (i.e., the greater the level of preparation, the greater the response would be, as proposed by Tresilian and Plooy 2006). Our results showed that motor output, as measured by peak force and peak EMG on the FCR muscle, was increased for all probe trials compared with control trials in experiment 1 (see Fig. 1, C and D) . Moreover, we found clear evidence that response magnitude depended on the time of stimulus presentation. Experiment 1, in particular, showed that response-related activation does increase progressively during the last hundred milliseconds prior to the presentation of the IS. The observation that response magnitude is enlarged in relation to control trials is in agreement with Kumru and Valls-Solé's study (2006) . However, here we were also able to demonstrate that response-related activation is gradually increasing at least until 15 ms after IS presentation, where we observed the greatest peak EMG in experiment 1. Given that the average RT in control trials was substantially longer than the RTs on probed trials (for LAS-referenced or IS-referenced premotor RT), it is unlikely that the IS may be responsible for the increased response magnitude at 15 ms prior to IS presentation. This possibility is further weakened by the fact that the duration of the responses was unaffected by the LAS-one would expect longer EMG durations if responses to LAS and IS were superimposed/summed (see Figs. 1B and 4B) . Thus preparatory response-related activation was still to peak slightly after the IS, indicating that participants adopted an optimal control strategy that minimizes the amount of time for which preparation must be maintained at a high level (Alegria 1975; Bertelson 1967; Los and Van den Heuvel 2001; MullerGethmann et al. 2003; Nickerson 1973) . One should note, however, that the exact timing of buildup is likely to depend on the temporal predictability of the IS. The fixed foreperiod used in our experiment (1 s) seemed to allow a buildup just prior to the IS. We hypothesize that greater temporal predictability, such as in anticipatory timing tasks, may allow this buildup to occur even later (Carlsen et al. 2008; Tresilian and Plooy 2006) .
In experiment 2, we showed again that motor output was increased for probe trials in relation to control trials (LAS and non-LAS). However, in contrast to experiment 1, we found no evidence for further increase of peak FCR muscle EMG as a function of time. This pattern of results is similar to that reported by and indicates that in RT tasks the response-related excitability level is close to peak at about the time of the IS, and it does not increase further as the time of movement initiation approaches. Altogether, the two experiments have shown that, under highly predictable conditions, response-related readiness to act rises progressively until it reaches its peak slightly after the IS (at ϳ15 ms after the IS) and remains at that level for ϳ100 ms after the IS. It is interesting to note that in experiment 2 we found evidence for a gradual decline in overall motor output (e.g., torque) from ϳ5 ms after the IS. This indicates that after the response has been triggered by the IS there is less room for the LAS probe to increase the overall level of activation of the prepared response, suggesting that the rise in response activation elicited by the LAS might not occur very quickly and may depend on the intensity of the LAS. Also of interest is the fact that although responses were not triggered early by the auditory stimulus for the LAS control probe (Ϫ700 ms to IS) as shown for an individual participant in Fig. 6 , the motor output (peak torque and peak EMG) was increased in relation to control trials. This may indicate that an increase in arousal levels in the circuits involved with the prepared response at this moment has not dissipated yet and can still affect the motor system's output.
LAS Triggering and Buildup of Response-Related Activation
Here we consider the extent to which the results of experiment 1 are consistent with previous findings. One difference between our experiment and a number of others is the slightly lower auditory stimulus intensity we used; 114 dB is slightly less than the loudness required to consistently evoke what has been designated "true" startle response (see Brown et al. 1991) from most people (Carlsen et al. 2007 ). It has been claimed that a true startle response is required for a LAS to trigger a prepared response (though the data are inconclusive), so it might be the case that responses in experiment 1 were not triggered by the LAS but by the IS. The data in Fig. 1A show a distinct pattern, and it is not immediately obvious whether this is compatible with triggering by the IS, by the LAS, or by both. To determine whether the pattern is compatible with these alternatives, we present a qualitative analysis of several variants of a simple model of response triggering. Since these variants have several free parameters, their ability to fit the overall qualitative pattern of the results is the important factor in deciding between them, rather than their ability to fit quantitative details.
The model is based on the idea that when a person is in a state of readiness to make a voluntary response to an IS in a RT task the response-generating circuitry is brought into an active state (see, e.g., Los and Van den Heuvel 2001; Niemi and Näätänen 1981; Requin et al. 1991) . Once in this state, the circuits can be prompted into generating descending motor commands by a trigger signal (or GO signal) that is evoked by the IS. This signal further increases the activity of the response-generating circuitry, and if the increase is sufficient to reach a threshold level motor commands are generated and the response follows (Carpenter and Williams 1995; Hanes and Schall 1996) . The active state develops over time such that the activation level increases monotonically to a maximum as the expected time of IS delivery approaches (Los and Heslenfeld 2005; Los and Van den Heuvel 2001; Niemi and Näätänen 1981) . The timing of activation buildup is such that the maximum is reached close to the moment that the GO signal is expected to reach the response circuits (as shown in Fig. 7, A  and B) . Evidence indicates that the maximum level of preparatory activation can only be sustained for a short period (Alegria 1975; Bertelson 1967; Los and Van den Heuvel 2001; Muller-Gethmann et al. 2003; Nickerson 1973) . Figure 7 illustrates two possibilities for how the level of activation of the response-generating circuitry might develop during the foreperiod in experiment 1. In Fig. 7A , activation increases monotonically throughout the period during which the stimuli were presented in experiment 1 (increasing activation). In Fig. 7B , the activation reaches its maximum level before the time of the earliest LAS and the level is sustained for a period long enough to include the time of the GO signal evoked by the IS (sustained activation). We will consider two basic model variants based on these two possibilities in which triggering of command generation occurs when a signal evoked by a stimulus (either the IS or the LAS) injects a sufficient amount of activation to bring the response-generating circuits to threshold. In a normal RT task, a GO signal evoked by the IS injects a burst of activation into the response-generating circuits and brings them rapidly to threshold. We assume that the LAS does something similar, except with a shorter latency and faster rise time (as evidenced by the substantial reduction in RT usually observed in startle triggering experiments). Figure 7C shows the assumed form of the time profile of activation injected into the response-generating circuits as a result of an impulsive acoustic stimulus (LAS): this is a typical impulse response standard in many models of sensory information processing (e.g., Loftus and Ruthruff 1994) . For simplicity, we assume that the stimulus-evoked activation (e.g., Fig. 7C ) simply adds to the preparatory activation (e.g., Fig. 7,  A and B) and that the LAS-evoked activity is similar at the different presentation times.
The two profiles for the development of preparatory activation shown in Fig. 7 , together with the two ways in which a response might by triggered (by the IS or by the LAS), give us four cases to consider: 1) sustained activation (Fig. 7B) with the response triggered by the LAS; 2) sustained activation with the response triggered by the IS; 3) increasing activation ( Fig.  7A ) with LAS triggering; and 4) increasing activation with IS triggering.
The kind of qualitative analysis undertaken is illustrated in Fig. 8 , left, for case 1, which is the simplest. The figure shows how RT is determined by the processes involved (activity due to the stimuli is shown shaded). Figure 8A presents the situation in control trials where no LAS is presented. The period immediately prior to IS presentation is shown, during which the level of activation is constant. A short time after the IS is presented, the GO signal reaches the response circuits and activation begins to increase rapidly and reaches the threshold, at which moment command generation begins. The RT depends upon the time between stimulus presentation and the moment activation reaches threshold: differences in this time are responsible for differences in RTs. Figure 8B shows the situation when a LAS is presented a short time before the IS. Activation injected into the response circuits by the LAS drives the activation level to threshold. The time T S1 is shorter than the corresponding time (T N ) when the IS is presented alone (Fig. 8A ). In the case being considered, it does not matter when the LAS is presented prior to the IS; the time between the LAS and the start of command generation is the same. This would be true regardless of the shape of the profile of the LAS-evoked activation and so is a feature of the model irrespective of the values of its free parameters. Figure 8C shows an earlier LAS presentation time, and the time T S2 is the same as T S1 (Fig. 8B) . Figure 8D shows the qualitative pattern of results predicted in case 1 for the conditions in experiment 1. If RT is referenced to the LAS, then the RT is expected to be the same regardless of when the LAS is presented. If the RT is referenced to the IS, then it is expected to be longer for later-presented LASs.
The pattern shown in Fig. 8D is clearly quite different from that actually obtained in the experiment (Fig. 1A) , which leaves cases 2, 3, and 4. In case 2, an IS-evoked signal triggers the response, so activation evoked by the LAS is not sufficient to drive the response-generating circuitry to threshold. To account for the shorter IS-referenced RTs in LAS trials, it must be supposed that LAS-evoked activity persists long enough to combine with the IS-evoked trigger signal. The IS-evoked GO signal brings the circuits to threshold slightly more quickly than would otherwise be the case because the additional activity needed to reach threshold is smaller. Figure 8 , right, illustrates the processes involved and shows the basic pattern of RT results predicted. Figure 8 , E-G, show what happens in three conditions: IS only (Fig. 8E, identical to Fig. 8A ), a late LAS ( Fig. 8F; S1 , e.g., Ϫ15 ms), and an earlier LAS ( Fig. 8G ; S2, e.g., Ϫ65 ms). Differences in IS-referenced RT are the result of differences in the time periods T N , T S1 , and T S2 : a longer time means a longer RT (T N Ͼ T S2 Ͼ T S1 ). The predicted pattern for the IS-referenced and LAS-referenced RTs is shown in Fig. 8H . The pattern for the IS-referenced RTs is opposite to that obtained in experiment 1: the only way to reproduce the observed pattern would be to suppose that the LAS-produced activity increases slowly and monotonically after LAS presentation up until the moment the IS-evoked GO signals reach the response circuits. This is in conflict with the assumption that LAS-evoked activity rises very quickly, an assumption necessary to account for the ability of LASs to substantially shorten RTs in other experiments (e.g., Carlsen et al. 2004b; Valls-Solé et al. 1999 ). Thus we reject case 2, leaving cases 3 and 4.
Cases 3 and 4 both involve increasing activation ( Fig. 7A ) with either IS triggering (case 4) or LAS triggering (case 3). Figure 9 , left, illustrates case 3. Figure 9A shows the time course of activity for no LAS (control), a late LAS (S1), and an early LAS (S2), similarly to Fig. 8 . Figure 9B shows the predicted pattern for the RT data, which indicates that this variant of the model reproduces the pattern of the data obtained in experiment 1 (Fig. 1A) . Figure 9 , right, illustrates case 4. This case predicts a RT pattern similar to case 2, since IS-referenced RTs will be shorter when the LAS is presented closer in time to the IS (T S1 Ͻ T S2 ) and LAS-referenced RTs will be longer than the IS-referenced RTs by the amount of time between LAS presentation and IS presentation.
The details of the functions that describe the increases in preparatory and LAS-evoked activation will affect the quantitative details of the predictions of the model variants, but the basic pattern is independent of these functions (provided they conform to the assumptions outlined above; see Fig. 7 ). Thus only the third account (case 3) is consistent with the pattern of RT results obtained: the LAS triggers the response, and activity in the response-generating circuits builds up during the period up to the presentation of the IS.
If the LAS is triggering the response in experiment 1, then an interesting feature of the results is the length of the LASreferenced RT at the Ϫ65 ms LAS presentation time. At this presentation time the mean IS-referenced RT was significantly shorter than the control RT (at ϳ82 ms), but addition of the LAS time (65 ms) yields a LAS-referenced mean RT of ϳ147 ms. The case 3 model predicts the longest LAS-referenced RT at the Ϫ65 ms presentation time because the relatively low level of preparatory activity causes the LAS-evoked activity to take longer to drive the response-generating circuits to threshold (Fig. 9) . According to the model, the latency of the response to the LAS (the LAS-referenced RT) is determined by Fig. 7 . Response circuit activation profiles. A: preparatory activation increases monotonically to a peak during the foreperiod such that it is increasing throughout the period during which LASs are presented. WS, warning stimulus. The peak level achieved is less than the threshold for command generation (⌰). B: preparatory activation increases to a peak level that remains approximately constant during the period of LAS presentation. C: activity evoked by a LAS. L, latency of the start of the activity. The timescale in C is expanded relative to A and B.
the time T S2 in Fig. 9C , which must be similar to the time T CTL if the LAS-referenced RT is to be similar to the control RT. The length of T S2 in the model depends on several factors, including the level of preparatory activation when the LAS is presented and the functions that describe the increase in preparatory and LAS-evoked activation. Thus the model can be formulated so as to account for the long LAS-referenced RT at the Ϫ65 ms presentation time. However, although the result is compatible with the model, it does not seem compatible with studies showing that responses triggered by LASs presented several hundred milliseconds before an IS have RTs that are much shorter than control RTs (Carlsen and Mackinnon 2010; Cressman et al. 2006) . The difference is probably due to the fact that the LASs in our study were less intense than those in the studies that reported short RTs (typically Ն124 dB): lower-intensity stimuli would be expected to yield a longer RT if the rate of activation buildup due to the LAS is slower when the LAS is less intense. We can discount the possibility that the response was triggered by the IS because the IS-referenced RT at the Ϫ65 ms LAS presentation time was comparable to the shortest RTs reported in startle triggering studies (e.g., Carlsen et al. 2004b; Valls-Solé et al. 1999) .
In summary, although our study did not directly demonstrate the classic startle effect as defined by sternocleidomastoid rather than OOc activation, our data indicate that 1) responses were triggered by an 114-dB LAS and 2) there was an increase in response-related activation as the time to respond approached. These conclusions are based, in part, upon our qualitative analysis of different possible models of response triggering and the buildup of response-related activation. Each model variant assumed that the response was triggered either by the LAS or by the IS, but not sometimes by one and sometimes by the other. Although it is not obvious how such a mixed-triggering model could provide an account of the results obtained in the experiments, we cannot rule out the possibility that some responses were triggered by the IS and some by the LAS. The model that reproduces the pattern of RT data obtained in experiment 1 assumed that the LAS triggers the response and that response-related activation builds up progressively as the time of IS presentation approaches (Fig. 9A) . In such a model, the likelihood that a LAS will supply sufficient additional activation to trigger the response is smaller the earlier the stimulus is presented because response-related activation is lower. Thus it is possible that at the earliest LAS presentation time (Ϫ65 ms), some of the responses were, in fact, triggered by the IS. This would mean that there would be a greater variation in response latency at this LAS presentation time, as was observed in experiment 1.
Final Remarks
Whereas the present pattern of results shows that responserelated activation is attuned to the expected time of movement onset, it also suggests that LAS and transcranial stimulation (TMS) protocols may tap different aspects of the processes leading to movement onset in simple RT tasks. It has been well established that corticospinal excitability in simple RT tasks increases ϳ120 ms prior to EMG onset (Chen et al. 1998; Leocani et al. 2000; MacKinnon and Rothwell 2000; Starr et al. 1988) , which occurs after the IS. This increase in corticospinal excitability shortly preceding EMG onset has been shown to be associated with a gradual decline of intracortical inhibition as the time of movement onset approaches (Reynolds and Ashby 1999) . Our results and those reported by suggest that excitability levels, as indexed by EMG activity in the primary agonist muscle in response to a LAS, do not change significantly as a function of time after the IS presentation, although it is clearly enhanced in relation to baseline levels. Although the evidence suggests that rapid isometric contractions can also involve preprogrammed triphasic EMG bursts of activity (Gordon and Ghez 1984; Sanes and Jennings 1984) , it remains to be seen whether differences between our results and those reported previously depend on the type of movements performed (isometric vs. isotonic contractions).
It has been suggested that activity evoked by acoustic LAS activates the program circuits via the reticulospinal pathway and triggers the onset of prepared responses faster than the visual pathway activated by the IS (Valls-Solé et al. 1999 ).
Conversely, TMS can activate the axons of cells comprising neural networks in M1, as well as neurons connecting corticospinal cells with distant cortical or subcortical areas (see Rothwell 1997 ). We speculate that a possible account for the offset between cortical activation-as by measured by TMSand subcortical activation-as measured by LAS-in RT tasks is that the output of the latter facilitates the output of the former. Four lines of evidence are consistent with this proposal. The first comes from the observation that localized subcortical lesions in humans decrease motor output in the affected side (Byrnes et al. 1999; Cicinelli et al. 1997; Liepert et al. 1998) , indicating that subcortical activation contributes to the vigor of motor responses. The second comes from the observation that there is an overactivation of cortical motor areas after subcortical lesions (Ward et al. 2006) , suggesting that cortical areas compensate for the lack of output from subcortical areas. The third is provided by neurophysiological recordings in high-order mammals, in which the reticulospinal system has been shown to play an important role in the control and preparation of reaching actions Davidson and Buford 2004; Davidson et al. 2007; Drew 2004, 2006) . Finally, the most direct line of evidence comes from the results obtained by Alibiglou and MacKinnon (2012) , who showed that a decrease in M1 excitability delays the early release of a prepared response by a LAS probe. 
Summary
In summary, our results provide the first evidence with an LAS protocol that response-related neural excitability increases progressively in anticipation to a highly predictable IS. However, we found little evidence for a further increase in response-related activation after the IS. This is clearly in contrast to the well-documented observation that corticospinal excitability in simple RT tasks begins to rise from ϳ120 ms prior to voluntary EMG onset, which typically occurs after an IS. 
GRANTS
